The atomic structure of amorphous hydrogenated carbon-nitrogen films was studied by electron energy loss spectroscopy ͑EELS͒. The films were deposited onto Si͑100͒ substrates by rf plasma decomposition of CH 4 -NH 3 and CH 4 -N 2 mixtures, with substrates placed on the powered electrode of a diode glow-discharge system. The sp 2 fraction of C and N atoms as a function of the nitrogen content in the films was obtained by EELS analysis. An increase of the carbon sp 2 fraction with increasing fraction of NH 3 and N 2 feed gases was observed. The variation in the atomic structure of the a-C͑N͒:H thin films is correlated to the internal compressive stress.
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In the last few years there has been an increasing interest in the study of nitrogen incorporation into hard amorphous hydrogenated carbon ͑a-C:H͒ films. Research into the search for the proposed ␤-C 3 N 4 phase, which is predicted to be harder than diamond was initiated by Liu and Cohen. 1 As a result of nitrogen incorporation into carbon films it was found that both optical and electrical properties, [2] [3] [4] as well as their mechanical properties [5] [6] [7] can be modified. Particularly with respect to the mechanical properties, it was found that nitrogen incorporation results in a substantial reduction of the compressive internal stress of the films. The improvement in adhesion that resulted from the stress reduction has made it possible to use amorphous hydrogenated carbonnitrogen ͓a-C͑N͒:H͔ films as antireflective coatings in Ge based IR sensors. 7 One of the key factors in determining the structure and properties of hard amorphous carbon films is the hybridization state of the atoms that form the amorphous network. 8 Previous results on a-C͑N͒:H films 9 allude to an increase in the graphitic clustering (sp 2 bonding͒ upon nitrogen incorporation, which may be correlated to the observed internal stress reduction. 5 A similar reduction in stress is observed for highly tetrahedral C:N films 10, 11 in which nitrogen incorporation above 1 at. % resulted in both stress reduction and increase in the sp 2 carbon fraction. All of the above-cited deposition studies on a-C͑N͒:H films are based on addition of N 2 to the deposition atmosphere, in the deposition of the a-C films. To date, few researchers have studied the use of ammonia as the source gas for nitrogen. 12, 13 Contrary to the above research, Seth et al. 12 reported an increase in the sp 3 carbon atoms fraction upon nitrogen incorporation in a-C͑N͒:H films deposited by PECVD in C 4 H 6 -NH 3 atmospheres. In order to clarify the role of the nitrogen precursor gas on the structure and properties of a-C͑N͒:H films, we report a study on the influence of the precursor gases NH 3 and N 2 in the determination of they hybridization state of carbon and nitrogen atoms in a-C͑N͒:H films, as a function of the nitrogen content. The compressive internal stress was also measured and correlated with the other results.
The a-C͑N͒:H films were produced by plasma decomposition of CH 4 -NH 3 and CH 4 -N 2 mixtures, with the NH 3 partial pressure in the plasma ranging from 0% to 12.5%, and that of N 2 ranging from 0% to 50%. The films were deposited on single-crystal Si͑100͒ substrates, which were placed on the water-cooled, rf ͑13.56 MHz͒ powered electrode of a diode configured glow-discharge system. The depositions were performed at a total pressure of 8 Pa and a dc self-bias of Ϫ370 V. In order to control the dc self-bias during depositions, a rf power of 52Ϯ2 W was applied. The chemical composition of the films was obtained from nuclear techniques-RBS, ERDA and nuclear reactions-as described previously.
14 Results from the nuclear technique analysis, combined with film thickness measurements with a stylus profilometer, were used to calculate the density of the films. Profilometry was also used to determine the internal compressive stress by measuring the curvature of the substrate.
The hybridization states of carbon and nitrogen atoms were determined by electron energy loss spectroscopy ͑EELS͒, which was carried out on a Philips CM30 transmission electron microscope ͑TEM͒ fitted with a Gatan 666 EELS spectrometer operated at 100 keV at a collection angle of 10 mrad. Samples were prepared by lifting off the films by dissolving the Si substrate in HF:HNO 3 diluted in deionized water and then floating them onto Cu TEM grids. The EELS C and N K edge spectra contain a peak corresponding to the 1s to * transition followed by a step ͑Ϸ5 eV above͒ which arises due to the 1s to * transition. Figure 1 shows the carbon K edge EELS spectra taken from films obtained by a͒ Electronic mail: dante@fis.puc-rio.br b͒ Permanent address: Department of Electronic Engineering, University of Surrey, Guildford, Surrey GU2 5XH, United Kingdom.
using CH 4 -N 2 mixtures. The nitrogen K edge spectra are similar in shape and have the N 1s-* and 1s-* transitions, at energies around 399 and 407 eV, respectively. The sp 2 fraction of carbon and nitrogen atoms is calculated using the normalized area under the * peak and then comparing this to that of a 100% sp 2 bonded graphite standard. 15 The chemical composition as a function of the partial pressures of N 2 and NH 3 in the plasma is listed in Table I . The nitrogen incorporation level-up to 11 at. % for both series of films-lies within the range of values reported in the literature for plasma deposited a-C͑N͒:H films, which are always smaller than 20 at. %. 2, 3, [5] [6] [7] 16, 17 The hydrogen content as well as the atomic density show different behavior for the two series of samples. For the same amount of incorporated nitrogen, the hydrogen content is higher for the NH 3 -derived films. The atomic density is almost constant for both series of nitrogenated films. For the films deposited from CH 4 -N 2 mixtures, the density shows the same value that was obtained from the nitrogen free sample. For the NH 3 -derived films a density decrease of about 20% is observed.
The dependence of the sp 2 fraction of the carbon atoms f C (sp 2 ) as a function of the nitrogen content in the film is plotted in Fig. 2 . The f C(sp 2 ) value that we obtained for the nitrogen-free sample ͑Ϸ0.5͒ lies within the range normally observed in a-C:H films. 8 For the nitrogenated samples, in both cases, there is a steeper initial increase in the carbon sp 2 fraction for nitrogen contents smaller than 5 at. %. For higher nitrogen incorporation, the carbon sp 2 fraction shows a slow variation for N 2 -derived films, and a nearly constant behavior with f C (sp 2 )Ϸ0.75, for films obtained using NH 3 as the nitrogen source. The dependencies of the sp 2 fraction of nitrogen atoms f N (sp 2 ) of the films obtained using both nitrogen precursors are plotted on Fig. 3 . Taking into account the experimental error bars present in the analysis, for the N 2 series f N (sp 2 ) maybe taken to be constant at about 0.65 Ϯ0.10. The NH 3 -derived films show a variation that is difficult to resolve from that observed for N 2 -derived films.
The above discussed variation in f C (sp 2 ) contrasts with the results reported by Seth et al.
12 on a-C͑N͒:H films obtained by PECVD in C 4 H 6 -N 2 and C 4 H 6 -NH 3 atmospheres. Despite not observing a significant change on the hybridization state of carbon atoms upon nitrogen incorporation using N 2 , those authors reported an increase in the carbon sp 3 /sp 2 bond ratio by a factor of about 50% with the use of NH 3 . Our results show a strong increase in the sp 2 fraction of the carbon atoms, for both nitrogen precursor gases. The increase in the sp 2 character agrees with previously reported work on nitrogen incorporation within carbon films by using either plasma or ion beam deposition methods; as evidenced by Raman spectroscopy, 9 by electrical and optical properties in a-C͑N͒:H films, 16, 17 and by EELS in highly tetrahedral C:N films at high atomic N contents. 10, 11, 18 The observed strong initial increase in f C (sp 2 ) indicates a strong inductive effect, which is similar to that observed by others in ta-C:N films. 10, 11 The increase in the sp 2 fraction of carbon atoms was ascribed to a reduction in the energy barrier for the transition between a metastable sp 3 state to a sp 2 state. 10 The increased sp 2 character of the amorphous C network upon nitrogen incorporation is an obstacle in obtaining the ␤ phase of C 3 N 4 , as reported by Gilkes et al. 18 The compressive internal stress values measured in our films are also listed in Table I , for films obtained from CH 4 -N 2 and CH 4 -NH 3 mixtures. The films are highly stressed, with stress values consistent with that normally observed in hard a-C:H films. 8 For both nitrogen precursor gases, data show a decrease in stress upon nitrogen incorporation, with distinct dependencies. For the NH 3 -derived samples, a more subtle decrease is observed, which is followed by an almost constant behavior. For N 2 -derived films a continuous decrease is observed in the range of films measured. The observed stress reduction was obtained with minor changes in the measured Vickers microhardness values, which are about 20 GPa, for films obtained with both N 2 5 and NH 3 precursors. The relatively small dependence of the hardness upon nitrogen incorporation was also observed by others, 7, 17 for films obtained with similar conditions of total pressure and substrate bias.
It is well known that the high internal compressive stresses observed in hard a-C:H films may be viewed as a result of the material being overconstrained. This means that the relatively high sp 3 fraction observed in hard a-C:H films, causes the mean atomic coordination number to be higher than the ideal value predicted for a fully constrained network. 19 Even when the structure of such films are considered to be graphitic (sp 2 ) carbon clusters dispersed in a network of sp 3 and sp 2 carbon atoms and monovalent hydrogen atoms, arguments as to an overconstrained network is still valid, as has been discussed. 8, 20 In this scheme, any stress relief process may be strongly coupled to the mean-atomic coordination number. In the case of a-C͑N͒:H films the observed reduction in stress is conceived to be a consequence of changes in both chemical composition and hybridization states.
Nitrogen incorporation itself is a source of reduction in the mean-coordination number since nitrogen atoms prefer to bond with three atoms, instead of the four bonds admitted by the carbon. Besides the nitrogen incorporation, the increase in f C (sp 2 ) is also a source of decrease on the mean-atomic coordination number, in agreement with the observed reduction in the internal stress. However, the distinct behavior determined for the two series of films does not seem to be only related to the hybridization state of carbon and nitrogen atoms. The observed variation in stress for the NH 3 -derived series of film does not correspond to the lower f C (sp 2 ) values obtained for this series, as compared to that obtained for the N 2 -derived films. The increased coordination number for the NH 3 series that should arise due to the lower f C (sp 2 ) values should show up as an increase in the internal stress. A possible reason for such conflicting behavior may be related to the higher hydrogen content observed for films deposited with the CH 4 -NH 3 mixture. The hydrogen content may also be related to the decrease observed in the atom number density, when compared to N 2 -derived films.
In conclusion, the influence of the nitrogen precursor gas N 2 or NH 3 , on the chemical composition, hybridization state of carbon and nitrogen atoms and compressive internal stress of a-C͑N͒:H films deposited by PECVD is examined. It is found that nitrogen incorporation strongly affects the hybridization state of carbon atoms by increasing the sp 2 fraction for both nitrogen precursors, which is consistent with the observed internal stress reduction. The minor differences observed in the stress variation of the two series of films is ascribed to the enhanced hydrogen content in the NH 3 -derived films, which may also explain the lower atom number density measured in these films when compared with N 2 deposited films.
